This paper presents a control scheme for an optimal extraction of power at unity power factor from wind turbine generator connected to DC load. The system consists of variable speed wind turbine coupled to Permanent Magnet Synchronous Generator (PMSG) through a gear box, Generator Side Converter (GSC) and a Maximum Power Point Tracker (MPPT). The proposed system employs hysteresis current controller to perform MPPT according to the reference speed obtained from power speed curve of wind turbine. The PMSG, GSC are modeled and tested in MATLAB/SIMULINK. It is observed from simulation results that, GSC extracts 72% of energy from wind turbine generator at rated wind speed of 8 m/sec. Further the performance of controller is tested for step change in wind speed from 8 to 10 m/sec. The tip speed ratio and power extraction is maintained at optimum value for the step change in wind speed. The system is also tested for daily and monthly wind data measured from 08/2011 to 12/2011 in Energy Park BEC, Bagalkot. Finally the proposed controller shows that has advantages of quick response, robustness, good current tracking accuracy and minimal current ripples.
:Switching function for the GSC
INTRODUCTION
Wind power generation in present scenario is becoming competitive with conventional fossil fuel sources. Due to an increase in wind power penetration, there is a need in improvements of the control strategy for variable speed wind turbine generators. To meet this scenario, it would use the advancement in power electronics devices in terms of power conditioner. Although the principles of wind turbines are simple, there are still big challenges regarding the efficiency, control, costs of production and maintenance. Different modes of operation can be used depending on the wind turbine configuration. The system with fixed-speed operation is very simple and thus the cost is usually low. But it has a drawback that the conversion efficiency is far from optimal [2] . PMSG in comparison to induction generators are becoming popular in WECS, as they have advantages of reduced size, weight and absence of excitation system. In literatures, to extract optimum power from wind turbine generator at unity power factor there are several topologies reported [11] . One of such topology is the DC-DC converter was employed with controlled and uncontrolled rectifier to draw the current in phase with voltage. It has the switching complexity and additional cost of the system. In order to control the generator connected wind turbine, usually vector control technique is employed [4] . This method uses phase locked loop (PLL) to sense the phase angle for optimal power extraction. However to implement PLL is a nonlinear in nature and it has a drawback of noise sensitive, require expensive high-quality external components to implement the loop-filter design [3] . Recently, advanced adaptive estimation techniques based on Artificial Neural Network (ANN) and Fuzzy Logic Control (FLC) have also been reported [2] . However, the estimation accuracy depends on number of neurons and fuzzy membership functions used for rule base. It leads into additional cost and complexity of the system. In view of this a simple hysteresis current controller is designed due to its ease of implementation and good current tracking accuracy [2] . This paper presents a modelling of hysteresis control scheme for optimal extraction of power at unity power factor from wind turbine generator connected to DC load. The system consists of variable speed wind turbine coupled to PMSG through a gear box, GSC and MPPT. The main purpose of hysteresis current controller is to perform MPPT according to the reference speed obtained from power curve of wind turbine. The PMSG and GSC are modelled separately, integrated with hysteresis controller. The complete system is simulated in MATLAB/SIMULINK. . Figure. 1. Block diagram of proposed system [1] The proposed model is tested for rated values of 2-kW 4-poles 50-Hz PMSG, wind speed 8-m/s and GSC is 2 kVA. The proposed system is tested for daily and monthly wind data measured from 08/2011 to 12/2011 in Energy Park BEC, Bagalkot. The paper is organized as follows. In section II mathematical modelling of each element of WECS is presented. Control strategy is discussed in section III. Section IV gives modelling and implementations, while in section V simulation results are given, conclusions are drawn in section VI.
MATHEMATICAL MODELING OF PROPOSED SYSTEM

Wind Turbine Characteristics
The kinetic energy carried by the wind particles can be expressed by the following equation:
On substituting the particle mass (m), with air density (p), wind speed ( v ), time (t) and applying a circular swept area (A) with radius (r) and the wind energy facing a virtual rotor disc, can be expressed by the following equation:
From the equation (2), It can easily find the actual wind power at any time instance as:
On analyzing the equation (3), it is quite evident that the most dominating parameter for wind power is wind speed.
Figure.2. Cp vs Lambda
Wind Coefficient of Performance(C p )
Wind turbine is characterized by the non-dimensional curve of C p as a function of tip-speed ratio (λ). It can be defined as follows:
The C p as a function of λ is expressed by the following equation (5) 
The output power of the wind turbine P t may be calculated as:
It can be observed from Fig.2 that C p is maximum when λ is equal to 7.5. This value is higher than Betz limit, because of polynomial approximation of the actual characteristics. The torque developed by the wind turbine can be expressed as:
Combining equations (4), (6) and (7), the expression for the torque may be written as:
PMSG
The wind turbine driven PMSG can be represented in the rotor reference frame as:
The expression for electromagnetic torque in rotating reference frame can be written as:
On simplifying equations (11) and (12) 
Power Electronics Interface
The power electronic interface is required to convert the variable voltage and frequency in to a constant voltage and frequency. Two level three phase converter is implemented in the proposed system. Switching equations for generator side converter can be written as 
. PMSG control for Maximum Power Point
Tracking (MPPT) [2] .
CONTROL STRATEGY OF PMSG BASED WECS
In this section, MPPT is defined which contains hysteresis current controller and PI controller as shown in Fig.3 .
System Description and Control
Generator speed is controlled in order to follow the power-speed characteristic. The power at dc-link is used to obtain reference speed by using power-speed curve of generator shown in Fig.4 . Then the error of this reference speed and actual speed is given to PI regulator to obtain reference torque of the generator expressed as: ) )( ( 1. Reduce the integrator and derivative gains to zero. 2. Increase K P from 0 to some critical value at which sustained oscillations occur. 3. If it does not occur then another gain K I has to adjust for stable performance in the system. K P and K I tuned values are given in appendix [7] .
Figure.5. General scheme of the PI controller [7] .
Hysteresis Current Control
Hysteresis-band controller is basically an instantaneous feedback current control method of PWM where the actual current continually tracks the command current within a hysteresis band. The current control scheme has the advantage of limiting the output current is shown in Fig.6 . Hysteresis current control is illustrated by Fig.7 . Figure. 6. Switching scheme of GSC.
The actual output single phase current IA is compared with the tolerance band around the reference current IA* associated with that phase. Figure. 7. Hysteresis band current controller [6] .
If the actual current tries to go beyond the upper tolerance band, T A-is turned ON and T A+ is turned OFF. The opposite switching occurs if the actual current tries to go below the lower tolerance band. This principle scheme is shown in Fig.8 . The frequency band width in the current waveform depends on the system parameters, switching mode, load and the dc voltage. Figure. 8. Principle of hysteresis band current control.
MODELLING AND IMPLEMENTATION OF PMSG BASED WECS
The PMSG based WECS is modelled and simulated in MATLAB/SIMULINK as shown in Fig.9 . The PMSG simulation was built in steps like d-q axis rotor voltage, electromagnetic torque and angular velocity from equation (9), (10) and (11). To calculate optimum power from the wind speed using the equation (6), (7) and (8) . GSC with hysteresis controller from switching equations (14) is implemented as shown in Fig.10 . The GSC consists of the hysteresis current controller, generation of reference current and switching pulses block is presented in section 2. Generating reference phasor using the calculated dc power and power-speed characteristics with PI controller is shown in Fig.10 .
Results and Discussions
The system built in SIMULINK for a WECS system has been tested with fixed speed, step variation and variable wind speed measured at the different heights of wind mast installed in BEC Energy Park. The system parameters used for simulation are given in Appendix. Fig.11(a) shows the phase voltage of PMSG is in phase with input current of GSC for the rated wind speed of 8 m/sec. The proposed control strategy depicts that the measured current tracks very well the reference current as shown in Fig.11 (b) and corresponding dc link voltage which is maintained at 800 volts for the constant wind speed as depicts in Fig.11(c) . From Fig.11(d) , it is verified that the power balance between WECS and dc load is maintained uniform. Similarly, the proposed scheme is tested for step variation in wind speed. Fig.12(a) and Fig.12(b) shows the time variation of wind speed with tip speed ratio. At t= 4 secs, wind speed is changed from 8 to 10 m/sec in step. However, tip speed ratio is maintained at optimum value in steady state conditions. It is observed that the maximum power extraction at optimum tip speed ratio for the variation in wind speed.
Further the actual varying wind speed measured on oct-2011 in BEC Energy Park is tested for the proposed scheme, Fig.13(a-e) depicts the similar results as rated and step variation in wind speed. 
CONCLUSION
In this paper, simple hysteresis control technique for PMSG based WECS has been presented for load connected application. The mathematical model of each element of the system is developed separately and then they are integrated with control strategy to simulate the whole system for various wind velocities. It is observed from simulation results that, GSC extracts 72% of energy from wind turbine generator for constant wind speed of 8 m/sec. Further the performance of proposed controller in terms of optimum power extraction for step change in wind speed from 8 to 10 m/sec is tested. It is also noted that the tip-speed ratio is maintained at 7.5 for the maximum Cp in steady state conditions. Finally the proposed controller shows that have advantages of quick response, robustness, good current tracking accuracy and minimal current ripples. The work presented in this paper with extensive simulation results would certainly help in improving the way of wind power harvesting. 
APPENDIX
